We have previously presented evidence that electrical activity and increased cytosolic calcium reduce the density of sarcolemmal tetrodotoxin (l-TX)-sensitive sodium channels in cultured rat muscle cells (Sherman, S. J., and W. A. Catterall (1984) Proc. Natf. Acad. Sci. U. S. A. 81: 262-286). We show here that growth of cells in ryanodine has a biphasic effect on sodium channel number. At low concentrations (0.3 to 10 fl) where this drug releases calcium from the sarcoplasmic reticulum into the cytoplasm, sodium channel number is reduced 62%; whereas, at higher concentrations where total cellular calcium is depleted, the density of sodium channels is increased 40% above control. These results provide further evidence for modulation of sodium channel number by cytosolic calcium. Growth of muscle cells in the presence of agents that mimic cyclic AMP (CAMP) action or increase intracellular CAMP levels including 8-bromo-cyclic AMP (&&CAMP), cyclic nucleotide phosphodiesterase inhibitors, and forskolin increased sodium channel density up to 125%. This action did not involve changes in spontaneous electrical activity. Dibutyryl cGMP had no effect. Measurement of the turnover rate of sodium channels after block of channel accumulation by tunicamycin (1.5 Kg/ml) gave a halftime of 18 hr for exponential decay of TTX-sensitive sodium channels in cultured rat muscle cells after an initial 6-hr lag period. Treatments which modulate sodium channel number through changes in cytosolic calcium or CAMP had no effect on the rate of channel turnover.
We have previously presented evidence that electrical activity and increased cytosolic calcium reduce the density of sarcolemmal tetrodotoxin (l-TX)-sensitive sodium channels in cultured rat muscle cells (Sherman, S. J., and W. A. Catterall (1984) Proc. Natf. Acad. Sci. U. S. A. 81: 262-286) . We show here that growth of cells in ryanodine has a biphasic effect on sodium channel number. At low concentrations (0.3 to 10 fl) where this drug releases calcium from the sarcoplasmic reticulum into the cytoplasm, sodium channel number is reduced 62%; whereas, at higher concentrations where total cellular calcium is depleted, the density of sodium channels is increased 40% above control. These results provide further evidence for modulation of sodium channel number by cytosolic calcium. Growth of muscle cells in the presence of agents that mimic cyclic AMP (CAMP) action or increase intracellular CAMP levels including 8-bromo-cyclic AMP (&&CAMP), cyclic nucleotide phosphodiesterase inhibitors, and forskolin increased sodium channel density up to 125%. This action did not involve changes in spontaneous electrical activity. Dibutyryl cGMP had no effect. Measurement of the turnover rate of sodium channels after block of channel accumulation by tunicamycin (1.5 Kg/ml) gave a halftime of 18 hr for exponential decay of TTX-sensitive sodium channels in cultured rat muscle cells after an initial 6-hr lag period. Treatments which modulate sodium channel number through changes in cytosolic calcium or CAMP had no effect on the rate of channel turnover.
The increase of sodium channel number after inhibition of electrical activity or treatment with O-&CAMP was half-maximal at 17 hr, consistent with an increase in the rate of sodium channel biosynthesis and/or incorporation into the sarcolemma without a change in channel turnover time. We conclude that cytosolic calcium decreases and CAMP increases sodium channel number by modulating the rate of biosynthesis and/or processing of channel components.
The biochemical mechanisms of these regulatory effects are considered.
Voltage-sensitive Na+ channels are responsible for the rapid depolarization of the plasma membrane during the action potential in electrically excitable tissues including skeletal muscle. Myocytes obtained from fetal rats or chickens and maintained in dissociated cell culture have voltage-sensitive Na+ channels that are similar, if not identical, to those found in adult skeletal muscle in viva with respect to their electrophysiological behavior (Spector and Prives, 1977) neurotoxin sensitivities, and developmental time course (Catterall, 198Ob; Frelin et al., 1981; Sherman et al., 1983) . In addition, cultured muscle cells from rat, but not chick, possess a second type of voltage-sensitive Na* channel which is characteristic of fetal mammalian skeletal muscle (Kidokoro et al., 1975) . These channels are distinguished by their neurotoxin sensitivities. The tetrodotoxin (TTX)-sensitive adult form of the muscle sodium channel binds the inhibitors TTX and saxitoxin (STX) with high affinity at neurotoxin receptor site 1 and exhibits substantially higher affinity for Leiurus scorpion toxin than for sea anemone toxins at neurotoxin receptor site 3 (Narahashi, 1974; Ritchie and Rogart, 1977; Catterall, 1980a, b; Sherman et al., 1983) . The TTX-insensitive sodium channels of fetal or denervated mammalian skeletal muscle have 1 OO-fold lower affinity for lTX at neurotoxin receptor site 1 (Redfern and Thesleff, 1971; Pappone, 1980) and bind sea anemone toxin II from Anemonia sulcata with higher affinity than Leiurus scorpion toxin at receptor site 3 (Lawrence and Catterall, 1981) .
The surface density of the T-TX-sensitive sodium channels may be selectively quantitated by measuring the specific binding of [3H] STX (for reviews, see Catterall, 1980a; Ritchie and Rogart, 1977) . In nerve and adult skeletal muscle cells, binding sites for [3H]STX represent functional sodium channels. Similarly, in rat skeletal muscle cells developing in vitro, the high-affinity binding sites for [3H]STX correspond to sodium channels having a K, for TTX at 37°C of 10 to 20 nM as measured in ion flux experiments (Sherman et al., 1983) or in voltage clamp experiments (T. Gonoi, S. J. Sherman, and W. A. Catterall, unpublished results). Using [3H]STX binding as an assay method, we have recently found that the sarcolemmal density of the lTX-sensitive channel in cultured muscle cells is regulated by electrical activity and cytosolic Ca++ levels (Sherman and Catterall, 1984) . Chronic pharmacological blockade of the spontaneous electrical activity that is present in cultures of these cells led to a nearly 2-fold increase in the sarcolemmal density of STX receptors. This effect is probably mediated by the concomitant decline of cytosolic Ca++ levels, since increasing cytosolic Ca++ with the ionophore A23187 reduced STX receptor density. These results may reflect the presence of a homeostatic regulatory system controlling electrical excitability in which cytosolic Ca++ acts as a negative feedback signal to modulate the surface density of l-TX-sensitive channels. In this report, we provide further evidence that cytosolic Ca++ regulates the density of TTX-sensitive Na+ channels, present experiments showing that the TTX-sensitive Na+ channel is also regulated by the intracellular level of CAMP, and examine the mechanism by which these agents modulate sodium channel levels in cultured rat muscle cells. et al., 1976) , purified, and characterized by a modification (Waechter et al., 1983) of previously described methods (Catterall et al., 1979; Rhoden and Goldin, 1979) . The radiochemical purity of the several batches used ranged from 75 to 85% and the specific radioactivity ranged from 7.4 to 12. (Lawrence and Catterall, 1981) . The myocytes were seeded at a density of 9.0 X 1 O6 cells/l 50-mm dish and maIntaIned tn a growth medium consisting of 85% Dulbecco's modified Eagle's medium, 10% horse serum, 5% newborn calf serum, 10 pg/ml streptomycin, and 30 pg/ml penicillin G. The sera were heat inactivated by incubation at 56°C for 30 min. After 4 d in culture, when myocyte fusion to form multinucleate myotubes was complete, the growth medium was replaced (30 ml/dish) and supplemented with 10 PM cytosine arabinoside to inhibit fibroblast proliferation and experimental agents as described for each experiment. These agents were added from a lOO-fold concentrated stock solution sterilized by micropore filtration (0.22.pm nitrocellulose filters; Millipore Corp.) or from a 1000.fold concentrated ethanolic stock solution. In control experiments, we found 0.1% ethanol had no effect on the cell morphology or development of TTX-sensitive Na+ channels. At the end of the period of growth in the presence of experimental agents, the cells were washed twice with a choline-substituted wash medrum consisting of 163 mM choline chloride, 5 mM Hepes (adjusted to pH 7.4 with Tris base), 1.8 mM CaCl*, and 0.8 mM MgS04. The cells were then removed from the plate with a teflon-coated spatula in the presence of 3 ml of 135 mM choline chloride, 50 mM potassium phosphate (pH 7.4), 1.8 mM CaCl*, and 0.8 mM MgSO.,. The cells were centrifuged at 3000 X g for 5 mln, and the supernatant was discarded. The cells were homogenized in 0.7 ml of the potassium phosphate-buffered medium with a Tek-Mar Tissuemizer at the half-maximal setting for 5 sec. The samples were then stored In liquid NP until assayed.
[?-/jSTX binding assay. The specific binding of [3H]STX was measured at 0°C by the rapid vacuum filtration assay described previously (Sherman et al., 1983 et al., 1983) . When muscle cells are grown in the presence of the Ca++-specific ionophore A23187 from d 4 to 10, there is a marked reduction in the development of TTX-sensitive Na+ channels (Sherman and Catterall, 1984) . The ionophore A231 87 increases the permeability to Ca++ of the plasma membrane as well as the internal cellular membranes.
Thus, in the presence of A23187, Ca++ moves into the cytosol from both the sarcoplasmic reticulum and the extracellular medium (Hainaut and Desmedt, 1979) . At higher concentrations of A231 87 (greater than 3 PM) the increased permeability of the plasma membrane overcomes the ability of the cell to extrude cytosolic Ca++, and toxicity becomes evident (Sherman and Catterall, 1984) .
In order to provide independent evidence for regulation of sodium channel levels by cytosolic Ca++, we have maintained cells in the presence of ryanodine, an alkaloid which causes the release of Ca++ from the sarcoplasmic reticulum without a generalized ionophoric action (Fairhurst and Hasselbach, 1970) . Figure 1 correspond quite closely to the K, for inhibition of calmodulinactivated enzymes such as phosphodiesterase and Cafe, .Mg++-activated adenosine triphosphatase (Levin and Weiss, 1977; Van Belle, 1981; Gietzen et al., 1981) . Both drugs caused a 55% increase in the density of TTX-sensitive Na+ channels (Table I) , which is approximately half of the effect observed when the action potential dependent release of Ca ++ is blocked by bupivacaine. This result is consistent with the hypothesis that the regulatory action of cytosolic Ca++ is mediated by interaction with calmodulin. However, since the toxicity of the anticalmodulin drugs prevented determination of full dose-response curves in these long-term experiments, our results are not conclusive, and experiments using a different approach are necessary.
Regulatory effects of cyclic nucleotides. The role of cyclic nucleotides in regulating the density of TTX-sensitive Nat channels was investigated by maintaining cultured muscle cells for 5 d in the presence of agents which are known to increase the intracellular level of CAMP or cGMP or to mimic their effects. Table II shows that the membrane-permeable CAMP analogue 8-BrcAMP produced a 67% increase in the density of TTX-sensitive Na+ channels. On the other hand, the cGMP derivative dibutyryl-cGMP had no effect. The alkaloid forskolin, which directly stimulates the catalytic subunit of adenylate cyclase (Seamon and Daly, 1981) , was also effective in increasing the density of TTX-sensitive Na+ channels as much as 106% above control levels. Although a full dose-response curve was not constructed for forskolin, several concentrations were tested, and the results shown in Table II indicate a half-maximal effect at 30 FM consistent with its potency in other systems (Seamon and Daly, 1981) . Indirectly increasing the level of CAMP by inhibiting its hy- drolysis by cyclic nucleotide phosphodiesterase was also effective in increasing channel density. Theophylline (1 mM) caused a 57% increase in channel number (Table II) . Figure 2 shows the dose response of the density of STX receptors to maintenance for 5 d in increasing concentrations of caffeine and 3-methyl-4-isobutyl-xanthine. These agents produce significant increases in the density of TTX-sensitive channels with Kos values (300 and 100 PM, respectively) that correspond closely with their ability to inhibit phosphodiesterase (Appleman et al., 1973) . These results show that several mechanistically independent methods of increasing CAMP levels produce a nearly 2-fold increase in the density of TTX-sensitive Na+ channels.
It is possible that increased levels of CAMP do not regulate the density of TTX-sensitive channels directly but instead may modify the degree of spontaneous electrical activity present and thus have an indirect effect. Visual inspection of the cultures did not reveal an effect of cyclic nucleotides on spontaneous contraction. In order to test this possibility more directly, muscle cells were maintained for 5 d in the presence of both bupivacaine and 8-BrcAMP. The density of TTX-sensitive Na+ channels was then compared with cells maintained in each of these agents alone. Bupivacaine (40 pM) completely blocks spontaneous contractile activity (Sherman and Catterall, 1984) . Even under these conditions, 8-BrcAMP produced an additive increase in the density of TTX-sensitive channels indicating that the level of CAMP has a regulatory effect apart from any indirect influence on spontaneous electrical activity.
Turnover rate of 77Xsensitive sodium channels. The protein components of the TTX-sensitive Na+ channels of rat brain and skeletal muscle have recently been isolated. These studies have provided strong evidence that the TTX-sensitive channel is a membrane glycoprotein (Hartshorne and Catterall, 1981; Cohen and Barchi, 1981) . In mouse neuroblastoma and chick skeletal muscle cells, protein glycosylation is required for the maintenance of functional TTX-sensitive channels, since the number of functional channels is reduced in cells grown in the presence of tunicamycin (BarSagi et al., 1983; Waechter et al., 1983) , a specific inhibitor of Nlinked protein glycosylation (for reviews, see Struck and Lennarz, 1980 and Elbein, 1981) . Tunicamycin presumably interferes with the incorporation or maintenance in the plasma membrane of newly synthesized channel polypeptides; however, the alternate possibility that unglycosylated channels do not bind the neurotoxin probes 25 Figure 2 . Effect of phosphodiesterase inhibitors on the density of -TXsensitive Na+ channels.
Muscle cells were maintained in the indicated concentrations of caffeine (0) or 3-isobutyryl-4-methylxanthine (0) for 5 d and the density of TTX-sensittve channels was quantitated by measuring the specific bIndIng of [3H]STX as described under "Experimental
Procedures."
used for detection has not been excluded. In either case, the turnover rate of the TTX-sensitive channel may be determined from the kinetics of the decline of STX receptor density in cells exposed to tunicamycin. Previous experiments have indicated that rat muscle cells have a single class of high-affinity binding sites for [3H]STX (Sherman et al., 1983; Sherman and Catterall, 1984) . Binding of [3H]STX is described by a linear Scatchard plot with a B,,, in the range of 80 to 120 fmol/ mg protein. Figure 3 illustrates the effect of growth of rat muscle cells in the presence of 1 pg/ml tunicamycin on the number of highaffinity [3H]STX binding sites. B max is reduced from 83 to 40 fmol/ mg. No new STX receptors of lower affinity appear in cells grown in the presence of tunicamycin. Thus, growth in tunicamycin sharply reduces the number of functional sodium channels in rat muscle cells as previously observed in neuroblastoma cells and chick muscle cells (Waechter et al., 1983; Bar-Sagi et al., 1983) , confirming that the tunicamycin can be used to determine channel turnover rate.
The turnover rate of TTX-sensitive Na+ channels in cultured muscle cells was determined with this approach in the presence of agents that modulate channel number. After a 6-hr lag period, the channel density in control cells decreased with first-order kinetics to 39% of the initial value at 30 hr (Fig. 4) . The half-life of the TTX-sensitive channel derived from these data is 18 hr which is comparable to the values obtained in earlier studies of TTX-sensitive channels in mouse neuroblastoma cells (Waechter et al., 1983) and cultured chick muscle cells (Bar-Sagi et al., 1983) . In order to determine whether electrical activity and cytosolic Ca ++ influence the turnover rate of the TTX-sensitive Na+ channel, muscle cells were maintained in the presence of bupivacaine or A23187 for 4 d and then exposed to 1.5 pg/ml tunicamycin plus bupivacaine or A23187. Muscle cells that were maintained in the presence of bupivacaine had a 2-to 4-fold higher density of TTX-sensitive channels but exhibited an identical fractional decline when exposed to tunicamycin (Fig. 4) . Similarly, growth of cells in the presence of A23187 produced a 46% decrease In channel density without increasing the turnover rate (Fig. 4) .
We have also examined the effect of bupivacaine on sodium After 30 hr maintenance in the presence of tunicamycin the cells were harvested and the density of TTX-sensitive Na+ channels was determined by the specific binding of [3H]STX as described in "Experimental Procedures." channel turnover at a fixed time (30 hr) and varying concentrations of tunicamycin. The results (Fig. 5) show that tunicamycin is approximately equally effective in reducing sodium channel number in cells grown under control conditions or in the presence of bupivacaine. In each case, growth for 30 hr in tunicamycin at 1.5 to 2.5 pg/ml reduced sodium channel number by 45% consistent with the results of Figure 3 . Taken together, the results of Figures 4 and 5 show that Vol. 5, No. 6, June 1985 both the increased channel density produced by blockade of spontaneous electrical activity and the decrease in channel density due to growth in A231 87 are not due to alterations in the rate of sodium channel turnover but rather must reflect an increased rate of synthesis or posttranslational processing.
Since the tunicamycin-induced decline of TTX-sensitive Na+ channels follows first-order krnetics, the effect of various pharmacological agents on the channel turnover rate may be quantitated by measurement of channel density before and after a 30.hr exposure to tunicamycin. Table Ill shows the results of an experiment in which this method was used to assess the channel half-life in muscle cells that were maintained for 4 d in the presence of a variety of agents which affect levels of CAMP or cytosolic Ca++. These data indicate that increased levels of CAMP produced by 8-BrcAMP, forskolin, or caffeine cause increased channel number without a significant effect on the turnover rate. Similarly, increased levels of cytosolic Ca++ produced by ryanodine and blockade of the calmodulin-dependent effects of cytosolic Ca++ with R24571 alter sodium channel number without an influence on channel turnover. These results suggest that regulation of TTX-sensitive Na+ channels by electrical activity, cytosolic Ca++, and CAMP must be mediated by alterations in the rate of sodium channel synthesis or processing.
If exposure of muscle cells to bupivacaine or agents which increase CAMP has a rapid regulatory action to increase the rate of channel synthesis with no effect on channel half-life, then the approach to the higher steady-state level should have a tw equivalent to the turnover time of the TTX-sensitive Na' channel according to the equation A = A,,, (1 -emkt), where A equals the increase in channel density as a function of time (t) and A,,, represents the final equilibrium value at the new steady state. In this formulation, the constant k = /n2/t,h and is equivalent to the rate constant for channel turnover. Figure 6 shows the time course of the effect of bupivacaine and 8-BrcAMP. The half-maximal effect of both of these agents occurs at 17 hr in good agreement with tw of the channel determined earlier (see Fig. 3 ). This result is consistent with a relatively rapid onset of alteration in the rate of channel synthesis and/or processing while the turnover rate remains constant.
Discussion
Regulation of sodium channel number by cytosolic Cat+. In this report, we provide further evidence for the regulation of the number of TTX-sensitive sodium channels by electrical activity and cytosolic Ca++. Ryanodine has a biphasic effect on intracellular Caf+ concentration (Hainaut and Desmedt, 1979; Fairhurst and Hasselbach, 1970; Jenden and Fairhurst, 1969) . The effect of ryanodine on sodium channel number parallels its effects on cytosolic Ca++; low concentrations of ryanodine increase cytosolic Ca++ and reduce In the presence of the indicated agents for 4 d. The cells were then divided into two groups. In one group the growth medium was renewed wrth medium contarning the experimental agents indicated plus 1.5 fig/ml of tunrcamycrn.
The other group received new growth medium containing the indicated agents without tunrcamycin. After 30 hr the cells were harvested and the density of TTX-sensrtrve Na+ channels was determrned as described under "Experimental Procedures." sodium channel number, while high concentrations of ryanodine deplete cellular Caf+ and increase the number of sodium channels. These results support our previous proposal (Sherman and Catterall, 1984) that Ca++ is an intracellular mediator of the effect of electrical activity on channel number.
Calmodulin is the intracellular receptor for Ca++ in many of its regulatory actions. Interactions of Ca++ with calmodulin are blocked by phenothiazines and other hydrophobic drugs including trifluoperazine and R24571 (Levin and Weiss, 1977; Weiss and Levin, 1978; Van Belle, 1981; Gietzen et al., 1981) . However, these drugs are not highly specific. Growth of rat skeletal muscle cells in the presence of these agents increases sodium channel number as expected if a Ca++-calmodulin complex is required to mediate the action of Ca++. These results provide preliminary evidence that a Ca++-calmodulin complex is an intracellular regulator of sodium channel number in response to changes in the level of electrical activity.
Membrane glycoproteins like the sodium channel undergo a complex series of biochemical modifications as they move from synthesis as a precursor polypeptide in the rough endoplasmic reticulum through processing in the Golgi, insertion in the plasma membrane, and internalization and degradation in the lysosomes. Regulation of the number of sodium channels could occur at any one of those steps. In this report, we have shown that the rate of internalization and degradation of the sodium channel after inhibition of the biosynthesis of functional sodium channels with tunicamycin is unchanged by block of electrical activity with bupivacaine or increase of cytosolic Ca++ with A23187. These results rule out major effects on channel degradation as the point of regulation of sodium channel levels and implicate one or more of the steps in sodium channel biosynthesis, processing, and insertion in the plasma membrane as the site of regulatory action. Regulation of mRNA levels and/or rates of mRNA translation have been widely recognized as points of regulation of biosynthesis of many proteins. In addition, recent studies have shown that the assembly of the subunits of the nicotinic acetylcholine receptor is a critical point of regulation of biosynthesis of functional oligomeric receptor molecules in a clonal rat muscle cell line (Olson et al., 1984) . Further experiments in which the individual steps in biosynthesis and processing of the sodium channel subunits and their assembly into a functional complex are measured individually will be necessary to define the site of regulation of sodium channel biosynthesis by electrical activity and Ca++ more precisely.
Regulation of sodium channel number by CAMP. We have found that nonhydrolyzable derivatives which mimic CAMP action (8. BrcAMP, dibutyryl CAMP), drugs which block CAMP hydrolysis by phosphodiesterases (theophylline, isobutyl methyl xanthine, caffeine), and agents which stimulate CAMP synthesis (forskolin) all increase the number of TTX-sensitive sodium channels in cultured rat muscle cells. These results provide clear evidence that intracellular CAMP concentration regulates the levels of functional TTXsensitive sodium channels as does intracellular calcium concentration. Treatments which substantially alter the number of sodium channels have no effect on the rate of channel turnover, implying that one of the steps in channel biosynthesis is affected by CAMP as well as Ca++. It will be of interest to determine whether the point of regulation by these two different regulatory pathways is the same.
No mechanism other than activation of protein kinase has been shown to mediate the regulatory effects of CAMP in eukaryotes (Krebs and Beavo, 1979) . Thus, the effect of CAMP on the TTXsensitive Na+ channel is very likely to be mediated by protein phosphorylation. The a-subunit of the TTX-sensitive Na+ channel in rat brain is phosphorylated in vitro and in situ by the CAMPdependent protein kinase (Costa and Catterall, 1984) . Therefore, it is possible that the processing or assembly of channel subunits is increased by CAMP-dependent phosphorylation resulting in increased overall biosynthesis of functional sodium channels. Alternatively, CAMP-dependent phosphorylation of proteins involved in regulation of gene expression or in biosynthesis or processing of the sodrum channel protein may be the basis of the observed regulatory effects.
Interactions between the CAMP-dependent and Ca"-dependent regulatory pathways. There are several similarities between the regulation of channel density by electrical activity/cytosolic Ca++ and CAMP. In both cases, channel density is modulated over a 3-to 4-fold range, the effect is complete in approximately 60 hr, and channel synthesis rather than degradation is altered. These similarities may reflect modulation of channel density by two separate and independent regulatory cascades with a common final step or may be due to the extensive interactions between the CAMP-dependent and Ca"-dependent regulatory pathways. In many instances, cytosolic Ca++ and CAMP may be considered as two components of a single interlocking regulatory system (for a review, see Cheung and Storm, 1982 and Rasmussen, 1982) . The simplest scheme that is in keeping with this viewpoint and with the data presented in this report is shown in Figure 7 . This scheme depicts a multistep negative feedback loop by which electrical activity regulates the density of TTX-sensitive Na+ channels. According to this proposal, Ca++, which is released from the sarcoplasmic reticulum in response to electrical activity, binds to and activates calmodulin. The activated calmodulin in turn may alter the density of sodium channels in one of two ways. It may act directly to reduce sodium channel synthesis and/or processing. Alternatively, it may enhance the catalytic rate of CAMP phosphodiesterase.
The reduced levels of CAMP are then the proximate cause of reduced TTXsensitive channel density. The data presented in this report clearly support the steps indicated by the solid arrows. We have not, however, presented evidence to support the links between activated calmodulin, phosphodiesterase, and intracellular CAMP as indicated by the dashed arrows.
The level of CAMP is generally thought to be regulated by interaction of cell surface hormone receptors with adenylate cyclase. However, the level of CAMP may also be regulated through alterations of the rate of hydrolysis by cyclic nucleotide phosphodiesterases (Meeker and Harden, 1982; Miot et al., 1983 Figure 7 . Schematic diagram showino possible links between the Ca++-dependent and CAMP-dependent regulaio'ry systems controlling the density of TTX-sensitive Naf channels. The dashed arrow indicates that no experimental data have been presented to directly substantiate this link (see the text for complete discussion).
identified in most tissues studied (Moon and Christianson, 1971; Thompson et al., 1979) . One of these types is greatly stimulated by the Ca++-calmodulin complex and thus provides a link between the Ca++-dependent and CAMP-dependent regulatory systems (for review, see Cheung and Storm, 1982) . Since electrical activity in muscle must raise the time-averaged concentration of cytosolic Ca++, the presence of a Ca++-calmodulin-stimulated phosphodiesterase would be expected to cause a decrease in CAMP levels in response to electrical activity. Indeed, in frog sartorius muscle, the level of CAMP is inversely proportional to the tension developed during muscle tetanus (Fano et al., 1981) . However, Merican et al. (1983) did not find such a relationship between twitch frequency and CAMP level in adult cat muscle. There may be substantial variations among different muscle preparations with regard to the amounts of calmodulin-activated phosphodiesterase. Thus, further experiments are necessay to determine the relationship between levels of cytosolic Ca++, Ca++/calmodulin-activated phosphodiesterase, and CAMP in cultured rat muscle cells.
Significance of the regulation of sodium channel number by second messengers. Regardless of which is the correct mechanism of action, the actions of CAMP, cytosolic Ca++, and electrical activity on levels of functional TTX-sensitive sodium channels are important because they provide a mechanism by which electrical excitability may be regulated in a long-term fashion by intracellular second messengers. Comparison with other results suggests that second messengers may serve to coordinate the regulation of a number of proteins involved in neuromuscular transmission. For example, the density of acetylcholine receptors is also regulated by electrical activity (Shainberg and Burstein, 1976) and cytosolic Cat+ levels (McManaman et al., 1982; Forrest et al., 1981) . Treatment of muscle cells with A23187 (McManaman et al., 1982) or ryanodine (Pezzementi and Schmidt, 1981) has remarkably similar effects on acetylcholine receptors and TTX-sensitive Na+ channels. Also, similar to results presented here for the TTX-sensitive Na+ channel, electrical activity (Brookes and Hall, 1975) and cytosolic Ca++ (Pezzementi and Schmidt, 1981) regulate the density of acetylcholine receptors without affecting their turnover rate. Finally, as reported here for the TTX-sensitive Na+ channel, the density of acetylcholine receptors is regulated by CAMP but not by cGMP (McManaman et al., 1982) . It seems unlikely that these similarities are coincidental. Rather, they are likely to reflect an important underlying mechanism by which the levels of acetylcholine receptors and TTX-sensitive Na+ channels are coordinately regulated. This regulation represents a potentially 
